Abstract
Introduction

50
The motivations to quantify chemical fluxes in the ocean are manifold. For instance, 51 marine biological productivity is set by the balance between nutrient sources and sinks in surface 52 waters and global climate is influenced by the redistribution of heat and salt associated with the 53 ocean's overturning circulation. The well-known rates of radioactive production and decay of 54 230 Th and 231 Pa (half-lives 75.69 kyr (Cheng et al., 2000) and 32.76 kyr (Robert et al., 1969) , 55 respectively), in addition to their insoluble nature, make them attractive tools to quantify the 56 rates of the marine processes in which they are involved. These include removal from the water 57 column by adsorption to particles (scavenging, related to biological productivity), redistribution 58 by ocean circulation (related to heat transport), and sedimentation to the seafloor (providing a 59 record of past biological productivity, ocean circulation, and more). Unfortunately, the 60 influences of these processes on radionuclide distributions are potentially convolved. This study 61 aims to utilize the spatial distribution of 230 Th and 231 Pa across the U.S. GEOTRACES North
62
Atlantic Transect (Fig. 1 ) to characterize the modern cycling of these isotopes in an effort to 63 more completely calibrate their use as flux tracers in the modern and past ocean. 230 Th and 231 Pa 82 Boundary scavenging (Bacon, 1988; Bacon et al., 1976; Spencer et al., 1981 ) is the 83 enhanced removal of scavenged-type elements (Bruland and Lohan, 2003) at ocean margins.
Boundary scavenging of
84
When lateral gradients in particle flux exist, as between biologically productive ocean margin 85 regions and oligotrophic ocean interior regions, insoluble elements are removed from the water 86 column by scavenging to a greater extent at the margin versus the interior. The resulting gradient 87 in radionuclide concentration produces a dispersive flux toward the margin from the interior. 88 Lateral transport in the water column toward ocean margins is more significant for 231 Pa than for 89 230 Th because it is more slowly removed downward by scavenging. The residence time with 90 respect to scavenging of 231 Pa is 50-200 yrs while that for 230 Th is 10-40 yrs (Henderson and 91 Anderson, 2003). On the basis of the boundary scavenging concept alone, elevated 231 Pa/ 230 Th 92 ratios in both the dissolved and particulate phase at ocean margins are expected (Fig. 2) . Prior to 93 this study, the lateral gradients in the dissolved 231 Modeling efforts have concluded that in ~70% of the ocean, 230 Th is redistributed 97 laterally by no more than 30% of its in situ production in the water column (Henderson et al., 98 1999), consistent with available observations from sediment traps (Yu et al., 2001 In addition to consideration of water mass ageing, we put our transect into hydrographic 157 context with the salinity and neutral density (Ȗ n ) section in Fig. 1 intensity in our transect, we utilize the distribution of the particle beam attenuation coefficient,
206
C p , as measured by transmissometer from CTD casts, which is, to first order, linearly related to 207 particle concentration (Bishop, 1986; Gardner et al., 1985) , although the sensitivity of C p to 208 10 particle concentration is known to vary with particle size and composition (Baker and Lavelle, 209 1984; Richardson, 1987) .
210
Methods
211
The U.S. Geotraces North Atlantic transect (Fig. 1) At stations GT-10-01, GT11-04, GT11-06, GT11-08, and GT11-10, however, the 273 dissolved radionuclide depletions can be clearly associated with a large increase in beam 274 attenuation related to higher particle concentration (Fig. 3A) and presumably bottom scavenging. 230 concentrations were interpolated onto a common set of isopycnals (Fig. 5A) , and because 332 GT10-11 and GT10-12 are nearly indistinguishable we average these two profiles and consider 333 the average profile representative of the region at the mid-point between the two stations. (Fig. 5D ).
342
The second isopycnal gradient is variable above Ȗ n = 27. water mass age between GT10-05 and GT10-07 at 2 km depth (Fig. 3) ventilation time scales increase with depth below 3.5 km (Fig. 3E) . Nonetheless, the fact that ( Fig. 3B, D Atlantic ridge, as expected from the trend in mean age (Fig. 3D) , perhaps reflecting the (Fig. 3E) , also suggesting a zonally-integrated effect of ventilation.
500
The influence of circulation may interestingly be more significant in the upper 1-1.2 km. CFC's).
518
As a way of summarizing these observations we cross-plot the dissolved 231 Pa/ 230 Th xs 519 data with another potential circulation tracer measured on the same water samples, silicic acid.
520
The silicic acid distribution along our transect (Fig. 7B) has a resemblance to the inverse 521 estimates of mean age (Fig. 3E) . Silicic acid is added to deep water through the dissolution of bottom scavenging (marked in Fig. 7A ) and therefore cannot be ascribed to water mass ageing. 40˚W  60˚W  20˚N  30˚N  35˚N  70˚W G 
